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1. Introduction 
This is a progress report for the third year of a three year SR&T grant to continue the 

advancement of NTD-based microcalorimeters. We highlight our progress to date that allowed us to 
garner an additional three years of funding for this work. 

1.1 Energy Resolution and Dynamic Range 
Thermistor Response: We have made significant advances in understanding our single pixel 
NTD-Ge based microcalorimeters and electronics system. With high count rate spectroscopy as a 
goal, we introduced in 1989 a new approach to low noise pulse counting electronics for 
microcalorimeters (Silver et al., 1989). The circuit configuration shown in Figure 1.1 is based upon 
the specific design of a JFET preamplifier that Goulding, Landis and Pehl(1969) developed for use 
with silicon and germanium charge collecting detectors. Previous designs for calorimeter 
preamplifiers (Moseley et al. 1984) bias the thermistor with a constant current and use a source 
follower read-out circuit where the combination of the calorimeter resistance and the input 
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Figure 1.1 The negative voltage feedback preamplifier with pulse optical recharge circuit. 

capacitance determine the temporal response. The response time (thermal rise time) in the source 
follower is typically limited to 100-2OOps and is a property of the electronic circuit. Our design 
employs negative voltage feedback which significantly improves the capability of measuring signal 
rise times of the calorimeter. The virtual ground established at the input to the JFET allows the 
preamplifier to track transient signals with risetimes that are as short as the time constant of the 
feedback element (<20p). This is shorter than the thermalization time of the detector. 
Consequently, this circuitry has made it possible to build NTD microcalorimeters with thermal 
recovery times that are less than 200 ps. 

The negative voltage feedback amplifier allows the calorimeter to be operated with either 



a constant voltage across the thermistor or a constant current through it. In the constant current 
mode, a voltage, V 0~ I,,, x R , is measured at the 
preamplifier input while in the constant voltage 
mode, a current, I = Vans, / R , is measured by the 
preamplifier. The fact that the resistance value 
decreases when a signal occurs results in positive 
thermal feedback in the V,,,,, mode because the 
Vz/R self-heating power adds to the signal heating. 
Negative feedback occurs in the I,,,, mode. Indeed, 
under certain conditions, thermal runaway could 
occur in the V,,,,, mode. We have demonstrated 
experimentally that we can operate our h -6 

microcalorimeters with excellent performance 
without approaching the thermal runaway limit. 
These biasing configurations each have their 
advantages but those of the constant voltage mode 
outweigh those ofthe constant current case for high 
count rate and broad bandwidth applications. As 
shown below, it provides greater responsivity, or 
higher effective alpha, and is intrinsically more 
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Non-Ohmic Behavior of Thermistor 
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linear, especially at high energies and thereby 105 10" 10" i o 2  i o -  IO'" io -  io- IOJ io-' io" 
provides better energy resolution and much larger Power I volume (watts/m3) 
dynamic range compared to the constant current Figure 1.2 acffectlve of a thermistor as a function of bias 
configuration. 

shown that the thermistor resistance decreases with increasing bias power. This non-ohmic effect 
is substantially larger than expected purely from the reduction in resistance due tojoule heating. The 
behavior occurs in ion-implanted silicon and NTD-Ge and has been characterized over a wide range 
of doping densities (Zhang et al., 1998) using empirical models. It has a greater detrimental impact 
on the I,,,,, mode than on the V,,,,, configuration. Figure 1.2 shows a 

power density for I,,, and V -, 
Carehl characterization of thermistors has 

comparison at 60 mK of the effective responsivity, vs. power 
density for two different doping concentrations denoted by A.  acffectivc 
includes the non-ohmic behavior ofthe thermistor. The curves show 
that the responsivity for a thermistor biased with a constant voltage is 
significantly greater over a larger range of power densities than for a 
thermistor in constant current mode. ctcffcctivc for constant current 
operation drops significantly at a power density that is at least an 
order of magnitude lower than for the same thermistor biased with 
constant voltage. 

Since a typical NTD thermistor volume is at least 100 times 
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that of ion-implanted silicon, NTD thermistors can operate with 0 200 4w 000 800 4~ '200 

higher power and maintain the same value of acffcctive. (The reader is Figure 1.3. 
reminded that the total heat capacity ofthe NTD microcalorimeters is profile from a keV x-ray. 
comparable to that of ion-implanted devices, but the distribution 
between components differs). This also means that NTD microcalorimeters can have higher 
detection speed. The quiescent thermal operating point of the detector above the temperature of the 
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cold stage is determined by the bias power and the thermal conductance, G. Since an increase in G 
makes the detector faster, the bias power must be increased to maintain the optimal quiescent 
temperature ofthe detector. In turn, the volume must be increased to maintain the power density and 
sensitivity. Since NTD thermistors can be made relatively large ( -10 - I 3  m3) without greatly 
influencing the heat capacity, we operate them with relatively high power compared to ion- 
implanted silicon thermistors. G can therefore be made larger, thereby increasing the detector speed, 
as evidenced by the temporal profile shown in Figure 1.3. 

Static andDynamic Noise: However, this does not tell the entire story. The question is whether the 
positive electrothermal feedback introduced by constant voltage bias has an effect on the detector 
noise that counteracts the advantages described above? Since the thermistor resistance and its 
temperature both vary during an x-ray event, the 
dynamic changes in the component noise sources, 
( Le., Johnson, JFET, phonon and l/f) must be 4oo I . .  . . I . .  . . I . .  . 
taken into account in all noise calculations. We g 350 

define the noise during the x-ray pulse as &numic ; 
3oo 

noise and distinguish it from the static noise which 
is characteristic of the microcalorimeter in the e 200 absence of x-rays. This problem was appreciated - 
previously by workers in the field but analysis of g 

loo 

domain, does not permit a good assessment of the 50 

integrated, time-domain approach to the analysis 
of noise performance that handles the behavior of 
time-variant circuit elements. We have used this 
technique to simulate the performance of our 
microcalorimeters, including the time-dependence 
of resistance and temperature during the x-ray- 
induced event. 

In the Icons, mode, the mean square voltage 
noise per unit frequency is 4kTR , and in the V,,,, 
mode the equivalent mean square current noise 
is 4kT l  R . During anx-ray event, the temperature 
rises and the value of the thermistor resistance 

temperature- In the vconst mode, the effects are energy forthe Vconrl(red)andI,,,,(blue) modes. Thedashed 
additive so the Johnson noise clearly increases in curves include the non-ohmic themistor behavior. b) The 
the presence of a signal. In the I,,, mode the predicted energy resolution (total dynamic noise) for both 
temperature rise tends to increase the noise but modes. The dashed blue curve for IC,,, includes the non- 

ohmic behavior. The difference between the dashed and 
solid curves for Vc,,, is less than the line thickness on the this is more than offset by the reduction in the 

resistance, so the Johnson noise decreases in the plot. P a r a m e t e r s ~ ~ ~ a s ~ 3 ~ ~ p A ~ ~ ~ l , ~ ~ ~ l ~ ~ ~ ; ~ ~ ~  5K;Base 
presence of a signal. While the general behavior is temp=O.O6K;equil temp=O.O62K;heat capacity=lx 10- 
intuitively obvious, a quantitative estimate of the "J/K;r,,~=65~s;s,,=50O~s;sin4 shaperpeakingat 400ps. 
final result can only be obtained by integrations in 
a piecewise manner, since the temperature and 

Signal and Noise Comparison . . I . .  . . I . .  . . I . .  . . I 
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decreases by a larger factor than that Of the Figure 1.4 a) The variation of the peak signal vs x-ray 



resistance values have a steady state value prior to the arrival of the x-ray followed by a time- 
variable value determined by the signal characteristics. 

10' ---t previous proposal, we identified an aspect New Preamplifier 

of the feedback circuit that could 

modifications were not made. When the - R- 1 x 10- emns 0 

thermistor resistance drops and the stored e - 
charge on the capacitor, Cb,,,, (see Figure ; i 
1.1) provides the appropriate current = 

across the calorimeter. This additional 
current passes through the feedback 

introduce spectral broadening if 0 O b , ,  

calorimeter absorbs a photon, the F2 C =1 2623e- 1 1  F s 
' T.00631K 0 

P - a .  
m 

needed to maintain a constant voltage 0 *B 8 1  0.- 
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extracted from the bypass capacitor. A very small commandable current was created by coupling 
a light emitting diode(LED) through a fiber optic cable onto the reversed biased gate-source junction 
of an extremely low leakage junction field effect transistor (JFET). The low leakage JFET is 
connected in parallel with the output of the constant current source. A drive signal for the LED is 
derived by examining the proportional signal out ofthe pulse processing (shaping) amplifier in real 
time. 

Using this prototype electro-optical circuit we achieved an energy resolution of 4.8 eV at 6 
keV using analog pulse processing. This microcalorimeter had a tin (Sn) x-ray absorber( 0.4 mm x 
0.4 mm x 7 pm) and a thermistor of NTD germanium (250 pm x 50 pm x 50 pm.) The quantum 
efficiency of this detector is 95% at 6 keV. (Silver et al. 2002) 

1.4 Recent work 
More recently, we have made several significant advances that have led to a reduction in low 

frequency (l/f) noise, improved stability, and resolution performance of 3.08 eV at 6 keV. This is 
now consistent with our theoretical model which also predicts sub 2 eV at 1 keV. 

Noise Measurements and JFET Preamplifier Stability: High open loop gain is essential for the 
operation of our negative feedback , virtual ground preamplifier. It has intrinsically higher 
bandwidth and lower absolute noise than the source follower topology, but it requires substantial 
transconductance or gain, g,,,, from the JFET. g, is a strong function of the applied drain current 
(g,=I, ") while the JFET noise, to first order, is proportional to llg,'" (typically 0.5 - 1.5 nV/Hz " 
). 

We suspected that the noise from the JFET was excessive at low frequencies and carefully 
evaluated the noise 
contributions from the - 1  ' 1 1 * , , 1 , , , , 1 , 1 * , ~ * , , , 1 , , , , 1 , , * 1 , , ,  

feedback resistor and the 
JFET. A special, AC 

was built to measure the 
noise of the in-situ R E T  
independent  of the  
feedback resistor. Figure 
2.5 is a plot of JFET noise 8 
vs frequency for a JFET " 
operated with several 
different amounts of drain 
current. We learned that by 
reducing the drain current 
below 1 mA, we were able 
to significantly reduce the 
low frequency noise (I/f 0 
noise) while incurring only 
a modest rise in the higher 
frequency noise. 

However ,  
transconductance of the 
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grounded gate, preamplifier ,2 - f4" &I, 
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Figure 1.7 Our most recent microcalorimeter measurement of the K lines of an "Fe 
radioactive source. The expanded view shows the K a ,  and K a ,  line shapes in red and 

t h e  the microcalorimeter's measurement in blue. 



JFET,dreedymodestathighercurrents,droppedafurtherfadorof twowhenthedrainwrrentwas 
reduced to the I ower levels needed at thedesi red I ow frequency, I ow noi soperati ng poi nt. Theopen 
loop gain of the preamplifier (origindly - 2000) was dso reduced a further factor of two. This 
reduction in open I oop gain caused us to reconsider the issueof vi rtud ground stabi I i ty and dynamic 
impedance. Our sdution, an entirely new preamplifier topology, overcomes the Iimitationsof our 
previous prmplifier. The n w  preamplifier has an open loop @n > 100,OOO when the JFET is 
operated at a reduced drain current and provides low noised low frequencies. With this large open 
loopgain, theissuesof virtud ground dynamicimpedanceand stability aregone. Serendipitously, 
thenev preamplifiertopologyd~requireslesspowerand hasfwercomponents. 

An additiond set of measurementswereperformd toverify that thecombined noisefrom 
the JFET and feedbad< resistor waswhd oneexpeded from theoretical predictions. In Figure 1.6, 
data is plotted in blue and a theoreticd fit (black wrve) based upon the measured feedbad< 
resistance and capacitance vdues, circuit stray capacitance and independent JFET noise 
measurements (from Figure 1.5). Not only do these results show that the circuitry is now well 
understood, but the preamplifier circuitry produced immediate improvements in the performance 
of our NTD germmi um mi crocd ori meters. 

In Figure 1.7 we plot the spectrum of the Mn Ka and KP lines from an =Fe radioactive 
source. Theexpanded vi w showsKa, and Ka,naturd I i neshqesi n red and the mi crocdori meter's 
measurement in blue. The microcdorimeter resolution is 3.08 f 0.23 eV (Silver et d .2005). 

Theoretical Calculations Asmentioned dsove, we havedeveloped atheoreticd model to predict 
theperformanceof our NTD microcdorimeters. In Figure2.8abelw1 weplot thecontributionsto 
thetotd noiseinunitsof eV asafunctionof energyfor themicrocdorimeterused tomeasurethe 
spectrum in Figure 1.7. Thecharacteristicsof the microcdorimeter are listed at the top left of the 
figure. Thelargest contributiontothenoisebelow 10 keV comesfromthetkmistorfdlowed by 
thephononnuiseandJFET noise. Weremind thereader that thedynarric resolution incresseswith 
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Figure 1.8 Themodel predictionsfor the totd dynamic noise(energy resdution) and thecontributing noise 
componaltsa)forthedetectorthd producedthespedrumin Figure2.7; b) thepredictionsforamodest change 
in thedetectorBpropertiesand operating conditions 



energy because in the constant voltage mode, the thermistor noise current goes as l/R1'2 and the 
JFET noises<pressed asan input current 

resistance decreases as the 
mi crocd ori meter &sorbs theenergy of m 

40 . 
35 *y goes as 1/R. Since the thermistor 50 Mn Ku 241 

x-ra/, these noise m p m t s  will 
increase.Thephononnoisedsoincresses 
because it reflects the microcdorimeter 
temperature during an x-ray went. (See 
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messurements a 1 keV are larger and We Figure2.1. Thespedrumof emiss'onsfrom 241 Am axl 55 Fesources 
recognize that there ma/ be a h ~ T h e N p  L lines between 13.7 keV and 20.8 keV produced in the241 
floorseteitherbythemponentsof t h e A m ~ h a v e b e e n a b s o r b e d b y a ~ f o i l -  
active current swrce or by noise sources 
following the preamplifier that we b e  not 
studied mefully enough. WewiII investigate 
the source of this noise during the next yea. 
In Figure 1.8b wepredict theperformancefor 
amOdeSf &age in  detector parmeters. We 
believe that with a slight decrease in SET 
noise and a modest increase in thermistor 
resistanceand current bias, a resolution of 2 
eVat6keVcanbeachiwed. 

2.0 Hard X-ray Performance 

NTD-Gemicrocdorimeter into thehardx-ray fi 
range by increasing the thickness of the 
absorber. Figure 2.1 shows the spectrum of 
=Fe and 241Am obtained with a detector 
operatingdabasetemperatureof80mKand a 

dimensonsof 0.5 mmx 0.5 mm x 25 pm. The 
quantum efficiency (Q.E.) is40% d 35 keV 
and 8% at 68 keV. The broad band, high 0 20 40 60 80 100 

resdutian responseof themicrocdorimeter is 
mident and the figure indude s ~ d d  ~igure2.2. Redictionsof energy rdut ion asafunctionof tin 
views of the 60 keV line from 24'Am a d  the absorber qmtum efficiency for threex-ray energies, 10 keV, 
5.89 keV and 6.4 keV linesemitted when the 30keV a7d60keVand5absorberthidtneaesTheoperating 
%Fe decays to manganese. (The low energy is mK 
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neptuni urn L I i nes between 13.7 keV and 20.8 keV that are produced in the 241Am decay have been 
suppressed by a copper foil .) The spectrum dso indudes a contribution from the Ka,, Ka, md K 
p exape peaksfrom thetin absorber. These Ka md K p lines appear -25 keV and -28 keV, 
respectively, below the 60 keV line and are easily resolvable. The energy resolution at 35 keV and 
60 keV is 51 eV, while at 6 keV it  is 36 eV. 

Theimplicationsof our recent thistechnicd advancementsat low energiesoffer tantdizing 
possi bi I i ti esfor the performancei n the 10 keV to 70 keV rage aswel I. Our detector modeling codes 
haveconfirmed that the50 eV energy resdution at 60 keV for our ealy detectors(figure2.1) was 
dominated by front-end preamplifier noise Theresolution should havebeen 30 eV for thetypeof 
microcdorimetercomponentsusedatthat time.TheealiermicrocdorimeterdsowasintrinsicdIy 
lesssensitivethantheoneusedfortherecent softx-ray measurmtsThus, wecanexpectfurther 
improvement by adwting thismoresensitivedetector to this high energy applicdion. (Silver et d. 

In Figure 2.2 we show the relationship between energy resolution and absorber quantum 
dfiaency for threex-ra/ energies, 10 keV, 30 keV and 60 keV asdetermined from our computer 
model. By inwrporating our recent detector advancements, we can choose to use a 350 pm thick 
tinabsorbertoachieve80%quantumeffiaencyat60 keV whilemaintaininganenergy resolution 
of 14eV. Wewill wduatetheseideasduring thenext r w c h  period. 
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